We study the Zeno and anti-Zeno effects in a superconducting qubit interacting strongly and ultrastrongly with a microwave resonator. Using a model of a frequently measured two-level system interacting with a quantized mode, we predict different behaviors and total control of the Zeno times depending on whether the rotating-wave approximation can be applied in the Jaynes-Cummings model, or not. We exemplify showing the dependence of our results with the properties of the initial field states.
I. INTRODUCTION
Frequent measurements of a quantum mechanical system may cause its evolution to change, slow down or even freeze. This phenomenon, known as the quantum Zeno effect [1, 2] , implies in particular that an atom that is being periodically or continuously monitored cannot decay, or will do it at a slower rate. This suppression of spontaneous emission was first observed in trapped ion experiments [3] , followed by observations in the suppression of Rabi oscillations in cavity QED [4] , the decay of ultracold atoms [5] , and has been studied associated to photodetection in circuit QED [6] .
Far from being just an interesting consequence of quantum mechanics, Zeno physics is also a useful tool in quantum control: it can be used to protect quantum information in certain subspaces [7] , to suppress decoherence during quantum gates [8] , or even as a means of doing efficient quantum search [9] . Interestingly, it has also been shown that frequent measurements can produce the opposite effect [10, 11] , enhancing the decay of a quantum system, in what is known as anti-Zeno effect. This other possibility has potential applications for cooling [12] and has been experimentally demonstrated [13] .
Superconducting circuits are good candidates for studying Zeno physics [14] . The equivalent of an atom interacting with the electromagnetic field in free space or in a cavity [3] is replaced by a superconducting qubit interacting with an open or closed microwave transmission line [15] . By monitoring the state of the qubit, or of the cavity, one expects to have the possibility of freezing or accelerating the evolution. To our advantage, the time scales involved in the circuit QED dynamics and its measurements are now much larger as compared to the optical domain, and can be resolved with ordinary electronics. Furthermore, all energy scales of related experiments, including couplings, qubit and resonator frequencies, can be engineered and tuned at will. This opens the possibility of reaching the ultrastrong coupling regime [16] [17] [18] [19] , where the rotating-wave approximation (RWA) breaks down and the system cannot be described by a Jaynes-Cummings dynamics [20] .
The goal of this work is indeed to study the Zeno physics in the qubit-cavity coupling of circuit QED with and without the RWA, that is, in the strong and ultrastrong coupling regimes. We will do it by using the model of a two-level system of frequency ω 0 interacting with a single-mode harmonic oscillator of frequency ω, and assuming periodic measurements of the qubit with intervals δt. As we will show, there are two possible regimes. First, the case where the measurement is faster than the vacuum Rabi coupling g of the combined qubit-resonator system, but slower than the qubit and resonator frequencies: g ≪ (δt) −1 ≪ {ω, ω 0 }. Here, the RWA is valid and we recover the usual slow down of the qubit decay. Second, the case where the qubit is measured more rapidly than any existing energy scale, (δt) −1 ≫ {g, ω, ω 0 }. Here, the RWA breaks down and we can observe both an enhancement of the Zeno or even an anti-Zeno effect, in which the decay of the excited state is accelerated with respect to the RWA case.
The structure of the paper is as follows. We introduce the model of a qubit interacting with a single-mode resonator and derive the evolution of the system under repeated measurements. It will be shown that fast enough measurements induce an evolution of the qubit population that is well approximated by an exponential decay, a trace of the Zeno physics. The rate of the effective decay is shown to be different for a model that follows the RWA and for one that does not. We will discuss the conditions for these differences and explore their consequences using coherent and squeezed states, both analytically and numerically. Finally, we will suggest realistic implementations of the proposed ideas in current setups of quantum circuit technologies.
II. SURVIVAL PROBABILITY AND ZENO EFFECT
Let us consider the dynamics of a two level system, |g and |e , separated by a gap ω 0 , and coupled to a harmonic oscillator of frequency ω. The whole system models a superconducting circuit coupled to a high-Q microwave resonator, and corresponds to the Hamiltonian ( = 1)
The couplings associated with the co-rotating JaynesCummings (denote by "r", from red) and counterrotating Anti-Jaynes-Cummings (denote by "b", from blue) are equal, g = g r = g b , but we express them separately to trace their physical consequences. It is known that when ω and ω 0 are much larger than the coupling strength, g, the RWA applies and formally g b = 0, yielding the Jaynes-Cummings model [20] .
We will focus on the survival probability, P e (t): the probability of preparing the two-level system in a given state, say |e , and finding it unaltered at a given time t. Consider a system described by a qubit in an excited state and the cavity in an arbitrary state ρ f , that is ρ(0) = |e e| ⊗ ρ f . The survival probability of this excited state at the first measurement is a function of time
comes from the Baker-Campbell-Hausdorff formula. The short-time dynamics can be determined by the lowest order non-vanishing contribution in the previous sum. It can be shown that the linear term, O(t), vanishes for arbitrary initial atomic states. Therefore the survival probability for short times decays at most quadratically
with a scale τ Z known as the "Zeno time" [21] . If instead of performing just one measurement, one asks for the repeated survival probability, P e,N (N δt), where N measurements at regular intervals δt were made, the result is no longer a quadratic but rather the exponential decay [22] P e,N (t = N δt)
The effective decay rate, γ eff , and resulting lifetime, τ eff , depend on the Zeno time
and for frequent enough measurements, we will observe an effective freezing of the dynamics of the measured system, the proper Quantum Zeno effect [1] . The previous general considerations can be particularized for the Hamiltonian (1) to obtain the Zeno time Zeno effect in the strong coupling regime, g/ω = 0.05, for an initial state with an excited qubit and the resonator in a coherent state, |e ⊗ |α , with |α| 2 = 9 photons on average. In solid line we plot the collapses and revivals under free evolution in the RWA. The remaining lines correspond to the survival probability of the excited state under periodic measurements of the qubit, repeated at intervals δt = 0.01πg −1 . If the RWA is applied, the usual Zeno time is obtained (dashed, red). If the RWA is not applied, we can either slow down the decay, setting the phase of the coherent state θ = π/2 (green, dash-dot) or increase it θ = 0 (dotted, blue). For sufficiently fast measurements, these numerical results and those obtained from the analytical expressions (9) and (10) where the expectation values X ρ f = Tr f [ρ f X] are taken over the initial state ρ f . Let us note that the Zeno time and the resulting decay rate are not only very sensitive to the initial field states, ρ f , but also to the precise form of the Hamiltonian. If the RWA is valid, g b = 0, we obtain that the time depends on the total number of photons, τ Z −2 ∝ a † a + 1, while in the ultrastrong coupling regime it also involves other field quadrature momenta, (a + a † ) 2 . The previous derivations are valid only under certain restrictions. In particular, the interval between measurements has to be short, so that we can replace the polynomial expression in (4) with an exponential. This can be done if the time δt is much shorter than the relevant periods. In the case of a strong coupling regime with RWA, we will only need that this is shorter than the Rabi frequency, that is about δt ≪ 1/g. However, for ultrastrong couplings in which the RWA does not apply, we must impose faster measurements δt ≪ {1/ω, 1/g}.
It is also important to note that the Zeno time (6), and thus the effective decay rate (5), depends only on the initial field state ρ f , which is assumed constant. We may confirm this by performing a similar calculation as before. After N observations of the internal state of the two-level system every δt, the field state will be
where Tr s denotes the trace over the two-level system. By measuring the internal state of the two-level system and restricting ourselves to the survival probability, the field state is also frozen, i.e., the initial field state after each measurement is the initial field state plus some higher order corrections, as confirmed by the numerics.
III. DIFFERENT INITIAL STATES
Let us now study the changes in the Zeno effect depending on the initial resonator state, as well as the extent of the differences between RWA and non-RWA models. We begin with the Fock state, which has a well defined number of photons, |n and gives an effective decay rate
that gives a difference of about a factor of two between the RWA and the non-RWA results. Much more interesting is the case when the field is assumed to be in a coherent state |α [23, 24] , with mean photon numbern and a phase θ, that is α =n 1/2 e iθ . The effective decay rate becomes
Out of the two experimentally accessible regimes we then have that
Note that only when the RWA is not applied, the Zeno effect becomes sensitive to the phase of the coherent state.
Finally, we will consider a field initially in a vacuum squeezed state, |ψ ξ , that is
where ξ = re iθ is the squeezing parameter. The decay rates, beyond and within the RWA, now become
We have found that for coherent and squeezed states, the decay rate depends on the field phase. This dependence is enhanced in the non-RWA regime, which allows us for a total control of the decay rate. In the case of coherent states, we can make the decay rate independent of the number of photons. In the case of squeezed states we can change the way the decay rate depends on the squeezing, r: for the RWA or for θ = π/2 the Zeno decay increases as 1 + r 2 while for other values of θ we may achieve γ eff = 0 or make it decrease with the squeezing parameter as 1 − 2r if θ = 0. We may regard the later as an example of the quantum Zeno effect and the former as an example of the so-called anti-Zeno effect, where the dynamics of the system is accelerated rather than slowed down by frequent measurements. Note that this is an acceleration with respect to the RWA result, not to the natural decay rate since the system is not unstable. The transition from Zeno to anti-Zeno regimes in truly unstable systems is discussed in Ref. [25] . A possible definition of the Zeno and anti-Zeno time scales in oscillatory systems (not unstable) is given in Ref. [22] .
The previous results can be numerically verified both in the strong and ultrastrong coupling regimes. In Figs. 1 we plot the evolution of a qubit-resonator system in which the coupling strength is small enough to satisfy the RWA in the free-evolution case, g = 0.05ω with ω = ω 0 . Beginning with a coherent state in the field and an excited state in the qubit, the results are collapses and revivals of the excited state population, a phenomenon that can be described with the Hamiltonian (1) with g b = 0. However, if we perform measurements with a periodicity δt = 0.2πω −1 = 0.01πg −1 , we observe that the survival probability of the excited state follows an exponential law (4) with a decay rate that is not the one given by the RWA (red, dashed line), but rather the one in Eq. (9) . In particular, the decay rate can be enhanced by setting the resonator in a coherent state with θ = 0, or decreased, by choosing θ = π/2. A similar result is observed for ultrastrong couplings, g = ω = ω 0 , as in Fig. 2. FIG. 3 . A phase qubit can be used to explore the Zeno effect: the escape rate of the unstable level |e is equivalent to a continuous measurement of that state.
IV. EXPERIMENTAL IMPLEMENTATION
The main question that arises when looking for an experimental implementation of the previous ideas is how to achieve the regime of fast repeated measurements in superconducting circuits. As discussed before, we need to probe both a regime in which the time interval δt is much smaller than the vacuum Rabi period but the RWA remains valid, and a regime in which the measurements take place much faster than any other time scale of our system. Given that current measurement devices, as SQUIDs, need nanoseconds to operate, we would have to relax all energy scales, ω, ω 0 , and g, and risk being affected by thermal fluctuations. However, this is not unconceivable because we could design an experiment near the largest frequency ω = 2π × 200 MHz, which gives a vacuum Rabi period of about 5 ns. The cavity will then be populated by an average of 2 thermal photons, but the features of the Zeno effect should remain visible.
Another possibility is to work in a framework of continuous measurements, like in fluorescence experiments with trapped ions [3] . In that case, we suggest the use of a resonator interacting with a phase qubit [28] whose excited state, |e may decay into the continuum at a rate Γ, [See Fig. 3] . By studying the repeated survival probability of the qubit ground state, we should observe also a Zeno effect, where the incoherent decay plays the role of a continuous measurement. According to Refs. [26, 27] , the decay channel of the qubit excited level gives an effective measurement interval δt = 4/Γ. By continuously monitoring whether the phase qubit switches to a voltage state, we will be able to determine the survival probability of the ground state. The phenomenology should be equivalent to the previous cases, with the advantage that now ω can be larger, of the order of GHz, due to the flexibility in tuning the decay rate Γ.
Arguably, the most promising setup would consist on a superconducting qubit interacting via a tunable coupling with the microwave resonator [29] . By controlling the interaction we should be able not only to choose between strong and ultrastrong couplings, but also to completely deactivate the interaction for brief periods of time in order to measure the system. This switching on and off can be done with sub-nanosecond resolution, allowing us to reach the regime δt ≪ {1/ω, 1/ω 0 , 1/g}, and the whole system should behave just as if we were able to instantaneously monitor the superconducting qubit.
Summing up, in this work we have shown the difference in the Zeno dynamics between a quantum optical system that obeys the rotating-wave approximation and one that does not. In the RWA case, the Zeno effect only depends on the total number of photons of the electromagnetic field that interacts with the monitored qubit. In the non-RWA case, the Zeno decay may be completely suppressed or enhanced (anti-Zeno), by suitably preparing the phase of a coherent or squeezed field. Both regimes should be observable in quantum circuits consisting on a qubit interacting with a high-quality microwave resonator. Note that in contrast to previous works [30] , the choice of the physical system makes the discrimination of RWA/non-RWA more accessible and also avoids the subtleties and problems associated with a continuum of modes.
